Radial stem growth and the isotopic composition of growth rings are commonly used to quantify the effects of droughts on trees. However, often these parameters are quantified only at one stem height, e.g., 1.3 m, and it is not known how representative this is for the whole stem. This study investigated radial growth at four stem heights (1.3, 5.5, 9.8 and 14 m) of 21, and wood Δ 13 C and δ 18 O at two heights (1.3 and 14 m) of 10 (co-)dominant Norway spruce trees from heavily (HT) and moderately thinned (MT) stands to assess whether different thinning intensities influenced the drought response of stems at different tree heights. Annual basal area increments (BAIs) and stable isotopes in earlywood and latewood were compared between thinning treatments and among the different stem heights. For BAIs, linear correlations with climate were analysed as well. The response of radial growth and isotopic composition to drought was similar at different stem heights in HT trees, but varied with height in MT trees, which were also more sensitive to climatic variations. Recovery of radial growth after drought was more rapid in trees from HT compared with MT stands, except for the topmost height. Basal area increments at breast height (1.3 m) provided good estimates of the volume growth response to drought for the whole stem, but not for its recovery. The faster recovery of radial growth at 1.3 m height of HT compared with MT trees after the 2003 drought was not accompanied by differences in recovery of isotopic composition. However, this is likely to be related to differences between treatments in remobilization of stored C and in tree structure (leaf area, root systems).
Introduction
To analyse effects of drought stress on trees retrospectively, it is important to select parameters that are sensitive to changes in tree water status and are also good surrogates of the actual distribution of carbohydrates within trees. The annual growth of stem wood has the potential to meet both requirements as cambial activity is directly linked to the amount of carbon (C) fixed by leaves and is also regulated by water availability (Zweifel et al. 2006) . For example, persisting environmental stress can cause reduced rates of radial growth for up to 10 years without foliage production being impaired at all (Dittmar et al. 2003) . In addition, radial growth can be measured easily and unambiguously, whereas crown conditions mostly rely on visual descriptions or laborious estimates of leaf area (Beck 2009 ).
Diameter at breast height (DBH) is one of the most common measures of tree dimension and is a widely used variable to estimate biomass. To determine annual tree volume or biomass growth, whole-stem analysis including multiple measurements along the stem axis would certainly produce the most reliable results, but this approach is too costly for most purposes and also requires felling of trees. Simple allometric equations for estimating biomass use DBH among few other parameters or sometimes as the only input variable. This is based on the underlying assumption that growth at DBH is closely related to whole tree growth Schlesinger 1985, Makinen et al. 2002) . However, it is also known that radial growth along the bole varies throughout stand development and can be also affected by climate and silvicultural practices (Farrar 1961 , Larson 1963 . Hence, estimations of tree biomass can be greatly improved through adding only one upper-stem diameter to allometric equations (McTague 1992) .
Severe drought events, which are expected to occur more often and to last longer in the future (IPCC 2007) , are known to affect tree growth negatively , Lu et al. 1995 . However, so far the knowledge on how the growth of entire stems is affected by drought stress is inconsistent. According to Larson (1963) , it can be generally assumed that more favourable growth conditions will promote growth at the lower bole, while upper stem regions will grow proportionally better when resources become scarce. Accordingly, the majority of studies have shown that radial growth at breast height is more sensitive to climate-induced growth reductions compared with radial increment measured higher up the stem (Myers 1963 , Zahner 1968 , Mitchell and Kellog 1972 , Wiklund et al. 1995 , Cherubini et al. 1996 , Sevanto et al. 2003 , Bouriaud et al. 2005 . A possible explanation for this is that the upper bole is closer to the active growth region of the crown, which is a particularly strong C sink, first receiving new sugars before they are transported to other tree parts. Thus, when C assimilation rates are reduced during drought, transportation is impaired as well and the more distant lower bole is likely to be relatively more affected (Zahner 1968 , Lacointe 2000 . In agreement with this hypothesis, Sala et al. (2010) postulated that drought mainly impairs C transport in the phloem and, as a consequence, tree tissues distant from the canopy are supposed to suffer most from reduced assimilate supply. In addition to this difference in distance to source organs for C between the upper and the lower stem, their drought response is likely to be affected by the exact timing and duration of droughts as well. On the one hand, growth in upper stem parts may be more sensitive to drought events that commence in early summer, if it can be assumed that radial growth in the upper tree bole commences earlier in the growing season than in the lower stem section (Kozlowski 1971 , Bouriaud et al. 2005 . On the other hand, the response of growth at breast height, which was found to be most severely limited by droughts occurring in late summer of the previous year (Fritts 1976 , Chhin et al. 2010 , may lag behind other stem sections.
Thinning may be a silvicultural approach to increase drought tolerance of individual trees (e.g., Kohler et al. 2010) . Increasing the amount of resources available for remaining trees (Aussenac and Granier 1988) should lead to increased general tree vigour and thus to a higher tolerance of extreme climatic conditions (Whitehead et al. 1984) . For example, ponderosa pine trees growing in more open stands maintained higher absolute growth rates during periods of severe drought compared with trees growing in more closed stands (McDowell et al. 2006) . Thinning, however, is also known to alter tree taper by increasing the growth rate in the lower section of the bole relatively more compared with that of upper stem sections as a first-often delayed-response to thinning (Farrar 1961 , Larson 1963 , Assmann 1970 , Kozlowski 1971 . This can lead to an overestimation of bole volume in the short term, when this is based only on DBH measurements. However, with elapsing time since thinning, increased wood formation will also occur further up the stem (Myers 1963, Thomson and Barclay 1984) . So far, studies comparing drought response of trees from differently thinned stands were based on DBH measurements only (Legoff and Ottorini 1993 , Cescatti and Piutti 1998 , Misson et al. 2003 ). Therefore it is not known whether thinning really has the potential to improve growth performance in response to drought of trees if the whole stem is considered.
Radial growth is a particularity useful indicator of climatic conditions, if trees grow close to the limits of their geographical distribution and are little affected by competition (Fritts 1976) . However, in Central European forestry, most trees are grown in relatively closed stands located in moderate environments, where tree growth is favourable. For this region, it has been found that annual radial growth responds less strongly to changes in precipitation and temperature because it is the result of a more complex interaction of factors, which fluctuate largely at the inter-annual scale (Makinen et al. 2002) . For example, only 50% of the variation in stem growth of European beech could be attributed to variations in climate (Bouriaud et al. 2005) . Therefore, additional measures that are more directly linked to tree water status and canopy physiology have been used to complement year-ring analyses.
Variations in stable carbon isotope composition (δ 13 C), which is related to the ratio of 13 C to 12 C atoms, among annual tree rings have been shown to be closely related to variation in canopy water status at the time of ring formation (Walcroft et al. 1997) . During photosynthesis, trees discriminate against the heavier 13 C and the discrimination (Δ 13 C) is proportional to the ratio of partial pressure of CO 2 inside the leaf (c i ) to that in the atmosphere (c a ), which is mainly controlled by changes in the rates of C assimilation (A) and stomatal conductance (g s ) (Farquhar et al. 1982) . Thus, differences in δ 13 C or Δ 13 C determined in annual rings should be directly related to differences in A/g s , the intrinsic water use efficiency. Differences in the C isotope ratios in wood that occur following stand density reductions are commonly associated with changes in soil water availability and thus g s (McDowell et al. 2003 , Skov et al. 2004 ). However, these changes can be also influenced by changes in light or nutrient availability following thinning, which might in turn lead to variations in assimilation (Warren et al. 2001) . In order to separate effects of increased photosynthesis rates from those caused only by increased stomatal conductance several authors have suggested analysing the oxygen isotope ratio (δ 18 O) in addition to δ 13 C imprinted in wood (Saurer et al. 1997 , Scheidegger et al. 2000 , Barbour et al. 2002 . The δ 18 O of organic matter is, on the one hand, determined by the isotopic composition of the soil water taken up. If trees use the same source water, the variation in δ 18 O among individual trees should on the other hand result from changes in evaporative enrichment (Δ 18 O) of leaf water during transpiration as mainly governed by temperature and relative humidity (Dongmann et al. 1974) . The final signal imprinted in wood, even though dampened via exchange of oxygen with less enriched xylem water during cellulose formation, is linked to the sensitivity of plants to evaporative conditions and thus a proxy for changes in stomatal conductance (Saurer et al. 1997 ).
The present study was carried out with wood samples from four different stem heights in Norway spruce trees from a longterm thinning experiment with two differing stand densities. We measured radial growth at all four stem positions, and quantified Δ 13 C and δ 18 O at two of these positions in earlywood and latewood to determine: (i) how growth response during and after drought differed with stem height, (ii) whether the growing space of individual trees influenced their growth performance in response to drought, and (iii) whether stable isotope ratios can reveal physiological responses to drought within and among trees.
Materials and methods

Study site, climate and experimental design
Data were collected from a thinning experiment near Göggingen, which is situated in the Alpine Foreland of southwestern Germany in the Federal State of Baden-Wurttemberg. The experiment is located 650 m above sea level and the soil type is an (endo)stagnic cambisol with a relatively high available soil water storage capacity of ca. 150 mm m −1 (Kohler et al. 2010) . For the period 1970-2006, mean annual precipitation was on average 780 mm, and mean annual temperature was 7.5 °C. A number of different thinning treatments, each consisting of two replicates (randomly installed rectangular plots of 0.1 ha including a buffer zone), were established in 1974 in a 27-year-old homogeneous spruce plantation (10 ha) and repeatedly thinned since then. Among the existing treatments we selected two for this study:
(i) Moderate thinning (MT): 400 future crop trees; four thinning interventions (in 1974, 1986, 1993 and 1997) (in 1974, 1980 and 1993) .
Because the unthinned control plots of this experiment had to remain intact for the purpose of long-term studies, no trees could be harvested and analysed from the stands with highest density. However, in this study we did not aim to analyse the effect of thinning versus not thinning but to examine the influence of growing space, which also differed strongly between the two different treatments. For further details about the experiment see Kohler et al. (2010) .
Sampling and analysis of basal area increment
We collected stem discs from trees that were removed in a thinning intervention in early spring 2007 in the two treatments: nine logs belonged to the MT and 12 were from the HT plots with approximately half of these from each replicate and avoiding edge trees. All trees were of (co-)dominant canopy status and free of larger visible damages. We removed four discs per log from different stem heights: breast height (1.3 m), 5.5, 9.8 and 14 m. For all trees, the 14 m disc was still below the green crown, except for one of the HT trees, where the crown base corresponded with 14 m. The discs from breast height were the same as those used previously by Kohler et al. (2010) . After grinding and polishing, discs were scanned at high resolution using the WINDENDRO software (Regents Instruments, Quebec, Canada). Mean annual basal area increments (BAIs, mm 2 year −1 ) of individual trees and discs were calculated from series of annual radial increments (mm) averaging eight radii for 1.3-m discs and four radii for all remaining stem heights. For these calculations we assumed concentric annual growth layers. This was evident from the visual comparison of our scanned discs and is consistent with the flat ground conditions at our site. We standardized BAI curves for the post-thin period 1974-2006 using the ARSTAN software of Cook and Krusic (2007) . Each of the four BAI series per tree was detrended individually to remove the age and size trend apparent at different stem heights applying the Hugershoff growth model. The standardization was carried out according to Kohler et al. (2010) using the following equation:
where I t is the relative growth index, B t is the basal area growth and G t is the basal area estimated by the Hugershoff model for year t. We used standard chronologies, which were averaged for each height per treatment using a robust estimation of the mean value function to increase the common signal and to reduce the effect of outliers by height and treatment (Cook 1985) . The years 1992 and 2003 were identified as extreme drought years in our study area (Kohler et al. 2010) . For each disc, we used standard indices to calculate the resistance (RES) and recovery (REC) of radial growth to/from drought stress expressed as ratios of I t during two particular years and their respective pre-and post-drought periods using these equations:
where DY is the drought year and PreDY(s) is the year(s) before the drought and PostDY(s) is the year(s) following the drought. RES 1 and REC 1 are first-order indices and thus reflect the immediate drought response. RES 2 and REC 2 , on the other hand, compare drought-induced growth with the mean growth spanning a period of 3 years before and after the drought, respectively. To estimate how indicative the drought response of BAIs at 1.3 m would be for the volume response of the whole tree log (stem below the green crown), we calculated drought indices RES 2 and REC 2 for the 2003 drought based on stem volume increment (V). For this, the response of a 12.7-m-long log section between 1.3 and 14 m stem height was calculated in two different ways:
where A 0 is the BAI at 1.3 m (in m 2 ); (ii) using four BAI measurements from 1.3, 5.5, 9.8 and 14 m and first calculating volume response of the three shorter sections separately (V 1-3 : 1.3-5.5 m (V 1 ), 5.5-9.8 m (V 2 ) and 9.8-14 m (V 3 )), before adding them up. This was done using Smalian's equation:
where A i is the BAI at the large end of the bole section, A e is the BAI at small end of the bole section and L is the length of the bole section.
Palmer drought severity index
To characterize water supply during the growing season of years 1974-2006, we applied monthly values of the Palmer drought severity index (PDSI) using the dataset of Dai et al. (2004) . This dataset contains data from a global grid at a 2.5° resolution, from which we selected the grid point closest to our site.
Stable isotopes
For analyses of C and O isotope ratios (Δ 13 C and δ 18 O) of whole wood, we used five of the felled trees of each treatment from both replicates by selecting trees with growth curves at 1.3 m stem height resembling the mean chronology. For this analysis, we considered only the two most distant discs per tree ( Thus, cambial age of all rings was at least 25 years, also for discs at 14 m height. From each disc, we cut 2-4-cm-wide strips from the pith to the northern edge of the disc, and before separating for each year earlywood from latewood, we ground off the first few millimetres of the polished stem surface using a Dremel tool (Dremel, Breda, The Netherlands) with a 0.5 mm cutting bit to avoid cross-year contamination of rings. We are confident that by using such a small bit for relatively wide growth rings (average ring width of trees and stem heights selected for analysing isotope ratios of years 2001-06 was 2.1 mm) we were able to remove the surface within boundaries of each sampled year-ring. For chemical analysis, we used whole wood rather than cellulose, because we found in a preliminary study that δ 13 C of cellulose in our trees showed a strong linear relationship with δ 13 C of whole earlywood and latewood (R 2 = 0.92 and 0.94 respectively, P < 0.001). On average, cellulose extracted from latewood and earlywood was less depleted than whole wood by 1.44 and 1.28‰, respectively, values similar to those of 1.34-1.37‰ found by Borella et al. (1998) for spruce wood. We did not compare δ 18 O of wood and cellulose, as Grams et al. (2007) reported a significant correlation between the two for needles from adult spruce trees in Bavaria. Moreover, Gessler et al. (2009a) and Sidorova et al. (2010) found high correlations between whole wood and cellulose δ 18 O in the tree rings of different conifer species with an enrichment of cellulose between 3.5 and 4.7‰ above bulk wood. For each finely ground wood sample, 0.2-1.0 mg was weighed into tin (δ 13 C) and silver (δ 18 O) capsules. For δ 13 C analysis, wood samples were combusted in an elemental analyser (NA 2500; CE Instruments, Milan, Italy) coupled to an isotope ratio mass spectrometer (DeltaPlus, Finnigan MAT GmbH, Bremen, Germany) by a Conflo II interface. For δ 18 O analysis, samples were pyrolized in a high-temperature conversion/elemental analyser (TC/EA; Finnigan MAT GmbH) linked to another isotope ratio mass spectrometer (DeltaPlus XP, Finnigan MAT GmbH) by a Conflo III interface (Finnigan MAT GmbH). Isotope results are expressed using the conventional delta (δ) notation:
where R p and R s are the isotope ratios ( 13 C/ 12 C and 18 O/ 16 O) of the plant material and standard, respectively. Carbon isotope ratios (δ 13 C) are expressed relative to the Vienna Pee Dee Belemnite and oxygen isotope ratios (δ 18 O) relative to Vienna Standard Mean Ocean Water standard. The δ 13 C of the whole wood (δ 13 C w ) was corrected for the 13 C Suess effect, i.e., the decline of δ 13 C in atmospheric CO 2 (δ 13 C a ), which has been reported in most century-long δ 13 C series during the last 150 years since industrialization, and is caused by increasing anthropogenic combustion of fossil fuel depleted in 13 C (McCarroll and Loader 2004) . This was done by expressing the δ 13 C w as 13 C discrimination (Δ 13 C): first, a regression curve put forward by Feng (1998) for calculating values of δ 13 C a for years 2001-06 was applied:
where t is the current year. Then these δ 13 C a values were used for calculating C isotope discrimination (Δ) according to the following equation (Farquhar et al. 1989a ): (Brandes et al. 2007 ). We assumed rain isotopic values to be a good approximation for δ 18 O sw at our site, as all plots were originally part of one stand of 10 ha size and are located on almost flat terrain, which should also minimize the spatial variation in δ 18 O sw among them. In addition, our analysis of the rooting depth at the site suggests that all trees tap primarily into the upper soil water horizon, which is mainly influenced by recent rainfall. Trees from both thinning intensities have a comparable vertical distribution of fine root biomass with >70% in the forest floor and the top 15 cm of mineral soil, whereas only very little fine root biomass is present below 45 cm soil depth (Omari 2010 
Statistical and climate analyses
All statistical analyses were performed using the standard procedures in SPSS 2011 (IBM SPSS Statistics 20.0, Inc., Chicago, IL, USA). Owing to the dependency of variables from multiple discs that were extracted from one tree, multivariate analysis of variance with subsequent test statistics such as Hotelling's T 2 -test was used to test for differences of resistance/recovery between treatments and among stem heights at the same time.
For height analyses of resistance/recovery of standardized growth series of each treatment, the Friedman test was performed and then for all significant values (P < 0.05), the Wilcoxon test was carried out to identify which heights differed from each other. We used repeated-measures analysis of variance (ANOVA) followed by pairwise comparisons to detect significant interannual changes in Δ 13 C and δ 18 O of earlywood and latewood separately for trees from each thinning treatment and stem height. The same method was used to test for significant differences in mean Δ 13 C and δ 18 O of years 2001-06 between the two thinning intensities and stem heights and to examine if the latter two showed any interactions with stable isotope series.
Correlation analysis was conducted to analyse relationships between Δ 13 C and δ 18 O ratios in earlywood of one year with latewood of the same year and with that of the previous year, respectively, separately for each treatment and height.
From a nearby meteorological station (DWD-station Sigmaringen/Laiz) we obtained data for daily maximum and minimum air temperature, relative air humidity and precipitation sum. These were used to calculate means for periods spanning 3, 6, 9 and 12 months for the years 1985-2006. The first month of these periods was always January of the previous year to examine any lagged climate effects on tree growth. Respective periods were moved month-wise forward until the last month was September of the current year. Pearson correlation coefficients were calculated for all possible combinations of climatic variables with standard growth
Interactions of thinning and stem height on the drought response 1203 indices. No analyses were performed for isotope and climate series, as the observation periods of only 6 years was considered too short to draw any sound conclusions from possible results.
Results
Basal area increments
Starting after the second thinning in 1980, trees from the heavy thinning treatment (HT) showed a longer-lasting increase in BAI at all heights (max. ~6500 mm 2 year −1 ) compared with trees from the MT (max. ~3800 mm 2 year −1 ) throughout the remaining observation period (Figure 1a and b) . During the 1992 drought, which was also a mast year at our study site, BAIs of trees from both thinning treatments and all heights showed a synchronous decline to a similar BAI, whereas the decline was more variable among the different stem heights in 2003. The drought in 2003 and the dry spell of the late 80s to early 90s (1992 was the fourth successive year with a negative PDSI) clearly stand out in both the standard indices and PDSI curves (Figure 2a-c) . After both droughts, relative growth indices of trees from the HT exhibited a stronger recovery (P < 0.001) than those of trees from the MT at all but the topmost height (Table 1) . However, resistance of radial growth to drought was not different between treatments at any of the sampled heights.
Radial growth of the different bole sections of trees from the heavy thinning responded similarly to drought stress, whereas trees from the MT showed a variable drought reaction along the stem (Table 2) . However, the effect of height on radial growth was not comparable for the two drought years. In 1992, recovery was better at 5.5 m compared with 1.3 m (P < 0.05), whereas in 2003 recovery was lowest at 5.5 m (P < 0.05) compared with all other heights. In contrast, resistance (1 and 2) was larger at 5.5 m than at 9.8 m in 2003 (P < 0.05). Interactions of thinning and stem height on the drought response 1205 Light-grey: correlations significant at P < 0.05; dark-grey: at P < 0.01; correlations were positive except for those where -is inserted.
'Period length' gives the number of months (3, 6, or 12), 'last month' gives the last month of this period and if prefix is -, this month was in the previous year. *Only variable entirely within vegetation period of the current year.
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In latewood, there was no significant interaction of year with treatment for Δ 13 C and δ 18 O series from the two stem heights. However, we found a significant interaction of year with height for latewood series of both isotopes: during the drought of 2003, Δ 13 C in latewood of MT trees decreased significantly at 1.3 m while it slightly increased at 14 m (P < 0.05; Figure 3c ). For the same trees, the opposite was found in 2004 (P < 0.05). The δ 18 O in latewood of MT trees increased significantly during the drought year at 1.3 m while it slightly decreased at 14 m (P < 0.05; Figure 3d Standard growth series of MT trees correlated in more cases and also more strongly (P < 0.001) with climatic variables when compared with HT trees (Table 3 ). These were mostly positive correlations with minimum temperature. Furthermore, only radial growth of MT trees was significantly correlated with the amount of precipitation. Relationships of the latter with climatic variables referred to longer periods (6 or 12 months), whereas most correlations of HT trees were found for shorter time spans (3 months). The 5.5-m MT series had the largest number of strong (P < 0.001) correlations of all I t series. For both treatments, there were fewer correlations with climatic variables at the upper compared with the lower stem. Interestingly, these correlations include only the negative relationships with maximum temperature of the current year's growing season, and also with that of the previous vegetation period for MT trees.
Isotopic composition of wood samples
There was no significant effect of thinning treatment on mean Δ 13 C in earlywood and latewood, but for δ 18 O the mean was larger in MT compared with HT trees at both stem heights in earlywood (P < 0.05). In latewood, mean Δ 13 C was significantly larger at 1.3 m compared with 14 m in MT trees (P < 0.05) while for δ 18 O the mean was larger at 14 m compared with 1.3 m stem height for both treatments (P < 0.05).
In earlywood, there were no significant interactions between year and thinning treatment and between year and height for the two isotopes: all series of Δ 13 C showed a prolonged drought response for 2 years, reaching a minimum in 2004, 1 year after the drought, which was followed by an increase in the subsequent year (Figure 3a) . Inter-annual changes from 2001 to 2005 were significant only for series from 1.3 m stem height of HT trees. There was no drought-related increase in 2003 in oxygen isotope series but all showed a delayed peak 1 year later in 2004 and a decrease in the following year, which were significant only for 14 m series of HT trees (Figure 3b) . Coefficients in bold are significant at P < 0.001, N = 25-29.
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In latewood, the two δ 18 O series (HT and MT) at 1.3 m closely resembled the isotopic pattern of rain. δ 18 O in earlywood and precipitation showed mostly inverted patterns during the whole period of observation. The δ 18 O maximum in precipitation was observed in 2003, whereas maximum values in earlywood were detected 1 year later.
All Δ 13 C series showed significant correlations (P < 0.01) between earlywood and latewood of the same year as well as between earlywood of the current year and latewood of the previous year (Table 4) . For δ 18 O, there was also a significant correlation (P < 0.01) between early and latewood values of the same year, except for the 14 m series of MT trees. However, only the 1.3 m series of HT trees showed a significant correlation (P < 0.01) between δ 18 O values of earlywood of the current year and those of latewood of the previous year.
Discussion
Growth response to both droughts and correlations with climate
The fact that resistance to drought was not better for HT trees at any of the four stem heights can be regarded as an indication that the entire rooted soil profile dried out during droughts and that therefore growing space and the size of root systems, which had been increased through thinning, did not offer advantages. However, in post-drought years, when gas exchange presumably returned to normal levels, the larger assimilating surface of HT trees may have been a main driver of the better recovery of growth, as has been observed for Pinus ponderosa (Dougl. ex. Laws) (McDowell et al. 2006 ). Periods of low radial growth after drought have been explained with depleted storage pools of non-structural C within trees (Breda et al. 2006 , Galiano et al. 2011 . Thus, the better recovery of more vigorous HT trees may have been also attributable to larger overall non-structural C reserves when compared with MT trees. More stored compounds available for demand-driven transport along the bole in HT compared with MT trees could also explain their more homogeneous growth response along the whole stem to both droughts. In addition, we found fewer and also less strong correlations between climatic variables and HT trees when compared with MT trees, which indicates that the former were less sensitive and thus more buffered to climatic variations (Martin-Benito et al. 2010) . For the period 1985-2006, growth series in the upper bole (9.8 and 14 m) of both treatments showed significant negative correlations with maximum temperature during summer. This suggests that heat stress can directly limit C allocation to the upper stem while the lower stem is less affected. This was also found for Pinus contorta (Dougl. ex. Loud) covering a wide range of site conditions in Alberta, Canada (Chhin et al. 2010) . However, the majority of correlations between growth and climatic variables were found for minimum temperature, indicating that growth of trees during the period 1985-2006 at our study site was limited by cold temperatures rather than by hot and/or dry conditions. However, here we looked only at first-order correlations and have not analysed interactions among climatic factors.
Growth response to mast and drought in 1992
The year 1992 was a severe drought year at our study site (PDSI < −3) and additionally characterized by a heavy masting event (Kohler et al. 2010) . It can be assumed that all sampled trees, which were of (co-)dominant status, produced large quantities of cones (Seifert and Müller-Starck 2008) . Therefore, they are likely to have allocated particularly large proportions of photosynthates to seed production during that year, and invested less in radial growth, as evidenced by largely reduced BAIs in all sampled trees. Similar radial growth responses to mast years have been reported previously for Norway spruce (Danilow 1953 , Holmsgaard 1955 , Eklund 1957 ). In addition, as 1992 was the fourth consecutive year with a PDSI lower than −2, cone production may have relied considerably on remobilized C from other tree compartments. Thus, the smaller recovery of growth at 1.3 m when compared with 5.5 m in 1993 for MT trees may be attributable to more depleted C stores, perhaps in the lower stem and roots. The more rapid recovery from drought of standard growth in HT compared with MT stems in the year(s) following the 1992 drought is particularly interesting since both were thinned during early summer of the following growing season. During this intervention, relatively more competitors per future crop tree were removed in the HT (300 out of 500 trees ha −1 ) compared with the MT (200 out of 1600 trees ha −1 ) treatments. Thus, the more open canopy conditions in HT compared with MT plots immediately after the drought and mast year neither exacerbated drought stress nor caused a noticeable post-thinning stress, e.g., as a result of light stress in shade adapted needles. The better recovery of HT trees may have been supported by a combination of increased resource availability after thinning with favourable climatic conditions prevailing during subsequent growing seasons, i.e., summers were wet (positive PDSI) and characterized by average or cooler temperatures.
Growth response to drought in 2003
The extreme drought stress of 2003 is reflected in all (un-) standardized radial growth series with values dropping well below those of preceding years. As opposed to the 1992 drought, growth rates remained reduced in the following years as well. This can be explained by prolonged conditions of water shortage due to dry growing seasons in 2004 and-to a lesser extent-in 2005. As was found for 1992, drought response of radial growth was different among heights only for MT trees, but this was more variable in 2003: recovery of standardized radial growth from drought stress was now slowest at 5.5 m compared with all other heights in MT trees. The faster recovery at 1.3 m may result from closer proximity of the lower bole to main sites of C reserves (i.e., roots; Chhin et al. 2010) , while the better recovery after drought at the two upper stem sections may have resulted from greater availability of the newly fixed carbohydrates originating from the crown being at these heights. In addition to its particularly slow recovery from drought, radial growth at 5.5 m also had the most and strongest correlations with climatic variables of all series. This suggests that growth at 5.5 m was least buffered against drought stress. The finding that MT trees recovered better from drought at 1.3 m compared with 5.5 m height in 2003 was in contrast to the response in 1992. This may have been caused by a combination of distinct C-allocation patterns prevailing during a mast year and the fact that thinning took place in the postdrought year 1993 but not in 2004. For 1992, thinning and mast may have interfered with each other so that the 'normal' thinning reaction-promoting growth at the lower stem-was altered.
Implications for estimating changes to volume growth
The effect of thinning intensity on the drought response of radial growth was comparable for the droughts in 1992 and 2003. Since the latter was not confounded by additional effects of heavy fructification and also more severe in terms of Table 5 . Mean relative volume growth (RVG, rounded to closest %) during 2003 drought compared with three pre-drought years and in the three post-drought years compared with drought year for a bole section from 1.3 to 14 m stem height. We compare volume response of this bole part based on BAI measurements at 1.3 m with that derived from adding up three shorter sections (1.3-5.5, 5.5-9.8, 9.8-14 m) located between these two stem heights. MT and HT trees, respectively (Table 5) . These values were only small underestimations (<2%) when compared with calculations of stem volume growth based instead on BAI measurements at four stem heights. However, for the 3 years after this drought, calculations of stem volume growth on the basis of BAI measurements at 1.3 m agreed well with results of the section-wise method only for MT trees (error ~1%). In contrast, recovery of stem volume growth in HT trees was underestimated by 11% (Table 4 , bold numbers). Hence, using measurements of basal area growth at 1.3 m may not be a good indicator of stem volume response after drought, or perhaps also during drought periods. Whether this result can be extrapolated to other site conditions and other species remains to be investigated.
Effect of stem height on isotopic drought signal
At 1.3 m stem height, Δ 13 C and δ 18 O showed a minimum and maximum, respectively, in 2003 in latewood, whereas in earlywood and at 14 m (earlywood and latewood) these were not observed before 2004. As for radial growth data, drought response of the two isotopes was significantly affected by stem height only in MT trees. The delayed drought response indicates that the C isotopic signals in the earlywood and latewood in the upper stem and in the earlywood of the stem base were dominated by assimilates fixed in the previous year. For earlywood, this is in accordance with other studies (Hill et al. 1995 , Jaggi et al. 2002 , Kagawa et al. 2006 , which suggested that leaf-derived assimilates are not being produced in sufficient amounts at the beginning of the vegetation period and earlywood formation therefore largely depends on remobilized C reserves. This explanation is also corroborated by the high correlation between Δ 13 C in earlywood of one year with Δ 13 C in earlywood and latewood of the previous year. For coniferous species, it has been suggested that ~50% of C used for radial growth is derived from internal C stores (Hoch et al. 2003) . When combining this with the assumption of an earlier initiation of radial growth at the upper compared with the lower stem (Sevanto et al. 2003 , Chhin et al. 2010 , it may also explain the strong influence of remobilized storage C on latewood at 14 m stem height. In contrast to our results for Δ 13 C, the δ 18 O in earlywood of the current year was in most cases not correlated with latewood of the previous year. This observation can be attributed to the influence of the current year's source water signal on the wood oxygen isotope composition of the same year, which is caused by the exchange of ~40% of all organic oxygen atoms during synthesis of cellulose with less 18 O-enriched oxygen of xylem water (Sternberg et al. 1986 ). However, we found a delayed drought response of δ 18 O in earlywood and also in latewood at 14 m stem height, which was analogous to the Δ 13 C patterns. This supports our hypothesis that large parts of organic matter in this wood originated from storage. This finding moreover indicates that at least a part of the oxygen isotope signal imprinted originally on the assimilates is still present after storage and remobilization and is transferred to the woody tissue despite the partial exchange of carbonyl oxygen with current year's source water.
Linking isotopes with differences in tree structure and gas exchange
There was no thinning effect on mean Δ 13 C from 2001-06 in our trees. In P. ponderosa stands in Northern Arizona, Δ 13 C increased only for 5-12 years after the first thinning intervention (McDowell et al. 2006) . This was attributed to a larger increase in stomatal conductance compared with assimilation rate, when more water was available for individuals after reducing stand density. The similarity of Δ 13 C values in trees from thinned and unthinned stands in the second decade after thinning was related to the long-term homeostatic adjustment of tree structure. After one decade, thinning had resulted in trees with a larger leaf area to sapwood area ratio and increased stomatal conductance was accompanied by elevated assimilation rates causing similar c i /c a and thus Δ 13 C values among treatments (McDowell et al. 2006) . We assume that trees in our study did show similar long-term adaptations of leaf area and also of below-ground structures to thinning. In the stands studied here, relative crown length was one-third of total tree height when thinned at medium intensity (MT) and equalled 50% in HT stands in 2007 (Buettner 2007) . At the same time, biomass, length, surface area and vertical distribution of spruce Interactions of thinning and stem height on the drought response 1209 fine roots did not differ between thinning treatments (Omari 2010) . Considering that there were 900 spruce trees ha −1 (basal area of 47 m 2 ha −1 ) left at the MT plots versus 200 trees ha −1 (basal area of 25 m 2 ha −1 ) at the HT plots (Kohler et al. 2010) , it is likely that HT trees have more extensive individual root systems as well. Larger leaf areas and more extensive root systems of HT trees are in line with the assumption of larger rates of gas exchange when compared with MT trees. This hypothesis is also supported by our isotope data, i.e., equal Δ 13 C in HT and MT trees in combination with lower δ 18 O (significant in earlywood) in HT trees, which according to Grams et al. (2007) point to simultaneously higher assimilation rates and stomatal conductance in the HT treatment.
Response of isotopes to the 2003 drought in trees from differently thinned stands
Only the latewood of both isotopes series at 1.3 m stem height showed a direct drought response, which implies that this signal is most closely linked to the environmental conditions in the canopy of the current growing season as suggested by Livingston and Spittlehouse (1996) , Helle and Schleser (2004) and Offermann et al. (2011) . Thus, to compare the response of isotopic composition to drought in trees from differently thinned stands in more detail, we focused on latewood series at 1.3 m height to minimize the interference with storage/ remobilization processes apparent in all other series. Owing to its relation with c i /c a , Δ 13 C can be influenced by the rates of stomatal conductance and assimilation determining the leaf internal CO 2 concentration. The additional assessment of δ 18 O and the comparison of the response with Δ 13 C have been regularly applied to assess if any change in the C isotope composition in tree tissues is due to stomatal responses or due to changes in assimilation capacity (Farquhar et al. 1989b , Yakir and Israeli 1995 , Scheidegger et al. 2000 , Grams et al. 2007 , Gessler et al. 2009b .
Compared with the pre-drought means (2001-02), Δ 13 C and δ 18 O values of the drought year were significantly decreased and increased, respectively, in trees from both thinning treatments (paired t-test P < 0.05; Figure 4 : arrows 2). According to the conceptual model, put forward by Scheidegger et al. (2000) , mainly a reduction in stomatal conductance is likely to cause the reduced c i /c a in the drought year. Changes in Δ 13 C in HT trees were larger than in MT trees, as indicated by the longer arrow 1 in Figure 4 . This points towards a relatively larger reduction of stomatal conduction on the leaf level in HT trees. However, as assimilation capacity is unaffected by drought in both treatments as indicated by δ 18 O versus Δ 13 C, the larger leaf area per tree in the HT treatment (see previous section) allows for higher total assimilation in the drought year, which is likely to compensate for the stronger stomatal response. Thus, absolute rates of gas exchange may not have been smaller in HT than in MT trees during drought, which is in good agreement with similar resistances of radial growth to drought in trees from both thinning treatments in our study. However, in the P. ponderosa thinning experiment, trees in more open plots showed a larger relative decline of both Δ 13 C and radial growth during drought compared with trees from denser stands (McDowell et al. 2006 ). This was explained by larger individual leaf areas of trees in HT plots causing higher transpirational water loss during drier periods. The discrepancy between our results and those reported by McDowell et al. (2006) is likely the result of strongly different climatic conditions between Arizona and southern Germany. The P. ponderosa site is located in a semi-arid region characterized by periodic summer droughts causing extremely reduced radial growth rates in trees of denser stands. In these regions, radial growth often correlates best with summer temperature and/or rainfall (Fritts 1976 ). In contrast, over the last 20 years at the Picea abies (L.) Karst. site of our study, radial growth at three out of four stem heights was positively correlated with minimum temperatures in late winter and early spring, showing that growth is limited by low temperatures.
In both thinning treatments, mean isotope ratios for the 3 years following the 2003 drought were not significantly different from the drought year (Figure 4: arrows 2) . Thus, the extreme drought stress of 2003 did not lead to a full recovery of stomatal conductance to the level before drought. However, even if the stomatal recovery was similar in HT and MT trees in the years after drought, the larger leaf area and fine root mass per HT tree (see previous section) suggests that these could take better advantage of improving water conditions and most likely allocate more C to wood formation compared with MT trees (cf. McDowell et al. 2006 ). This assumption is in accordance with more rapid recovery of radial growth at breast height 1 year after the drought in HT compared with MT trees.
We are aware that differences in δ 18 O in wood should be attributed to different rates of stomatal conductance only if all other factors that can potentially affect δ 18 O in wood are comparable among trees (Brooks and Coulombe 2009) . Although the primary signal of source-water δ 18 O was likely to be very similar for the two thinning treatments, we cannot rule out secondary modifications of δ 18 O in water vapour due to increased canopy interception causing larger relative humidity in denser MT plots, or increased soil and understorey evapotranspiration in HT plots.
Conclusions
There was no thinning effect on the resistance of radial growth to drought at any of the investigated stem heights. The isotopic composition of wood suggests that during the extreme drought of 2003, stomatal conductance was more intensively reduced in the HT treatment when compared with the MT stands. However, whole tree transpiration rates were not necessarily smaller in HT trees due to a higher leaf area and assimilation rate on the leaf level was most likely not affected by drought in both treatments. In the years following the 2003 drought, isotope ratios within growth rings at 1.3 m stem height indicated a persisting reduction of stomatal conductance but not of assimilation capacity in both thinning treatments. This result seems to contradict the faster recovery of radial growth from drought in HT than in MT trees at all but the topmost stem height after both droughts. However, we assume that the higher leaf area and fine root mass per tree in the more HT stands permitted HT trees to take better advantage of improving water conditions and allocate more C to wood formation when compared with MT trees.
In addition, the more rapid recovery of radial growth in HT trees may have been facilitated by larger C reserves. This is supported by the finding of a homogeneous drought response of radial growth along the stem of HT trees, whereas this was more variable in MT trees. In the latter, radial growth was also more sensitive to climatic variations.
Our results of a delayed response of the oxygen and C isotope signals to the 2003 drought suggest that earlywood formed at both stem heights (1.3 and 14 m) and latewood formed at the upper stem height contained a larger share of remobilized storage compounds compared with latewood laid down at breast height. As for radial growth, differences between the two stem heights of isotope data were significant only for MT trees.
While the response of stem volume growth in spruce to drought could be accurately assessed from basal area growth at breast height (1.3 m), this approach appears not suitably accurate to assess the recovery of stem volume growth.
